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Itemi 20) t(:l)tillued)

Slii I comp~F ared tli he~ e )ito pcriIOrinii of" two oie deriisit ies I 5( N f-et or 1500 -feet) and two cuec shades
1w hi tt or black). The, cues were, Itelraheuldrois 75 feet in lheight. St ud~ 11 eonipare-d tlic eff'ects on pt-irforniie (of two
airspee~ds 1300) knot s or 5.14) k nots)I and t Iiree cue, conigu ratioins tin erted all Mlack tetrahiedrotis. in~erted tetralietronis
%itfi black bottomis and white tops. h itc t riariglvs placedl di reelI1 oii the grou nd). The cues we~re irimerted tetrahetdrons.

35 feet in height. Thev reslt s of' Stuit I demionstrated that alt itude(11 (out l was btIter uin g white tiles and the- riore
dien se cule cond1(1it ion. *lt.rrai ii a idaiitet was aidted b% ie reased (tels it, but not1 ali ecteti b cuev shade.

Stud, 11 tiemmi st rated thfat lal alt ittode ctitrot was better at at slower ai rspieed. (b) i iiexperiented (bu~tt not
expt-'rienced I pilots did better w ithi the '. ert ical h dve lpeti ctes than with Iic flat cuies, andt 14-I the. vast mnajorityv
of' terra iii crashes ottcuirred in the white trianigle otv condtit ion for bot h ex perle need and inrexlperie-icettd pilots.
Recomndu at itons iiholtIia iigticnrstndusing a %-rI iiat chue dens itN le-vel ofat least 5(X)fet-c.
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IRat'kgrointilIRationale0

l-CGIiti 5((.t'lt' hime it-ei triticitteif fotr titt jtro)%iditg stiffithitt ci lit -h-grmtmid (~tiet-etail to) wlpoirt

11111 ll if] tiltitt 1%-altittltit flight If,tazrl. Recetit reseat'rch anit ie~ekipneit I R&l I has indiicatedt that abs~tract and simpleit
li-, lhaoi tilt ptential of' enhancinlg h -IeIflight petrfttrmttnue I ill iulatedl I isil i tirtiolnmet,. Hitv'r, tlic

1111l 111T zicteptablt' detail fo(r %ai-ions it apvts (of fl it i iight scee it ., moa nt been tittt'rriind. Thel( prem-Wii H& I)4 ~%%,a dcitIgtlt' to o~btain jllfOrmatjtmn oil this istic-intfOrmtatiorl f"or use ill speetifirg mlinliloli design goals for fiatre- %istal

-'-eUpri ,ttrt'rnt n rd guidtelines fordtata-itase niotelilog tot Clirretit sostins.

I lit- ttltiv' tert' tttiducteti inl tht(- Atfkantt'ti lt latutr br iPiiut Tlraining inl its F -16 configuiratiton, using ibooth0
i-fim rat'nttu aind iniexperieniced fihiter puilots traimsitiuing intto flle F-106 airc'raft. Each p1ilot flv'% thlrouigh a simutilatted

* i irst, at at s pec'ified ait itui t andt ai rspeed . The ablto to tmI ainrta in t ht( assignted alt it udes ii tder tiifferi ng %i stia

cit t't cmf itttlt itirts was tist'd to assess ft- isefu Iness Itttht' oant ils vi stialcties fused ft ir It w- Itov flight.

Specificto;

V!ethiod. Ex ~periment I ti pared flt e ffets t4 ti ff'rt'tt tterra in tctes til the( abili ty oif eight 1tilIt ts with it( ouuperat ional
fi.0itc etxperfin e to t mainitatin IM(~ fteet abov~e grond iiti t1i I (GI at t5f)-k not s ai rspeted ii a It uw-alt i tide ton rst'. The

Ir-ri t i s we re vetrt ical tet rahtdrtons 75 feet htigh at twtt lit 'iti is Iseparations ouf I i,(X) tr 15MX feetl m it t~q cutie shadt es

PI bit h I It -t 1.

F'\ptt'ltrtte If comr edntt the' effec'ts ttf three tt'rraart-ttte tiiifiaiiratittts anti twt, airspeedts 13M otr 54) kriutt.i ttii titt'

ibltN I t f twit groups off pilots f.S i-xperient'et anit I3 iiitxpt'nitrttt'l fightter puilItts Itto rlaituiit 2Wf fevet A( ;i thrtighiteti

ti. ,m iltrt cirse li st( Ili Ex~per itent 1. The terra iiin t toihgti atims wert 1 a all-hI atk itt ertetI 35-ft Ht igh

lofridi'tlrtii. I it irtertt't tttralhedrirtr 4 tith sainte tvpt' with btlack ittttrrs anti] white ttops, anti (c) "flat"' white triangles

plati viirf-il.i~ t flte grttrnt. all at at single deiisit't (septarati tis tdi approxtim nately I 5MX fteet a jtttil.

Fidinigs findl Distussttt. .~it n eimnt t1. alt itud il t't ntrtif wats better us intg flte wh itei-te 132-ft xu di ffenett- t' i

ti'lt lt altiltiel arillftit- tietr-tii' t'tidtitiis If 3-fituit tiifft-rtrite ill mean altitittep. Tennairi tctes wtere mreni tffecti t.

Lit t flightt hil ill maritil yenring fl ightt. 'Terra itt aitS ti it 'wit., aide itl i incrt eased d tensity Imt bi oiit afftctet if% isit i shfatd'.

itI V Pt' ri mu'tt If. altititit i'tm iiwits uipe~ri tr ft Ir tlit-' Sit lstr 300X krt a irspee'd ~1-ftmtt di fft'rtm- 'rtt it 'art

At titu'. The irttxperit'rt't't pi lot'. iti btttr 15-fittt uiffertniti infttua altitutl with titt'whit'-tipt't 'ttrtts thii w tih 71

tlit- flat %ite t ni angles. Fotri hItth t ' itt's t4i piloit, f iut- ast malpj IritN tof tterra in c rashets tcii nnttI il rtht wititt'.t riarugl t-t ik

I .tuonclumiitnpoo/Recommendationa

I I ariatimurs inl tht'- tlrisitY. hetighit, artt 'iiilit 4t sjtiftl t'ra~itt tits (-ti af'',t the tqualitt, (tf lttw-l-Tiel fligt
tilfritnac itia aasitiriati- i 5u4a1 t'rirttirrit'it .
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2.A densit v a~eraginrg 1 5MK feet between terra, n-cules shoul be1 iesed to a id simulated 111-ewl flight, eufim-ial k
* ith higher airspeeds. andi Ies-experienctd piloits.

3. Terrai n-cue heights of as, little as 3.)-fo ot height are- prefe ra le toI "~flat" cules-i.e. * to ties of ze-ro helightI pla~ced

dfirectl,. on the ground.

1.The target-to-bac*kgrou nd contlrast of the cues should h be max imnized. especiall iv ithi low dis1)la" lIi n~ance

5. rhe, role of scene content around the horizon duirinig maneumeri ng flight should be im~est igated since vert ivallY

III~e liell terra in cues5 are relat it effetie (luring ti is phase of low-level flight.
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L.OWt'-IEVEL FIGHT SIMI. LATION: N ERTICAI. L FS

I. INTRODUCTION

Low- level flight has become one of t he most important fighter ai rcraft tactics. Pilots pro ficiic(. in lt-levl tactical

flight is of paramount importance to mission effectiveness. In support of a ground attack mission, tlt- pilot is expected

to fly at high speeds over unfamiliar, heavily defended terrain at I(M0 feel or less. Unfortantely. toda\,s Ieacetime flight

environment is not well suited for training that type of flight. Restrictions on where, how often, and how low severel

limit the opportunities for the pilot to acquire the degree of proficiency that combat readiness demands.

The potential advantages of using a simulated environment for this type of training range frotm safety for the 
transitioning pilot to more realistic combat scenario training for the mission ready pilot. However. the opportunity for
flight simulation to provide a supplementary learning environment for tactical low-level flight has been limited by
inadequacies in the visual displays. Existing visual displays do not provide cues sufficic.nt for terrain avoidance. much
less for low-level tactical flight. This situation is the result of two deficiencies: 1a) lack of basic understanding of visual

perceptual mechanisms required for low-level flight (real or simulated) and (bt lack of adequate display technology.

%lost current and proposed visual systems are primarily of the computer-generated imagery ((GI types. with
limitations that include low resolution and luminance levels, infinity optics, low level-of-scene (ietail. and less than full

field of view. The relative importance of these factors individually and interactively is not known. Therefore, even if 0
visual display technology were more advanced, it would be difficult to specify the required capabilities. Recognition
of these problems has resulted in a significant increase in research and development in both the engineering and
behavioral areas. However. even with focus and funding priority, new off-the-shelf systems with significantly better

performance will not be available until the late 19 80s. Given the immediate need for an improved low-level training
capability. a reasonable interim research approach is to explore alternative ways of using the existing visual systems
to pro% ide the training required. 0

(Considering the limiting characteristics of existing visual systems, very little can be done to modify or improve items
such as field of view, resolution, brightness, or infinity optics. The amount of displayable detail, usually expressed in
the number of edges or point lights, is also fixed. However, accepting these limitations as given, there is still considerable
latitude foi alternative scene designs and definition. The major problem is that the maximum allowable detail is typically

orders of magnitude less than that required for a real-world facsimile. ( For comparison purposes. a commercial television
scene may range from 30,000 to 500,000 edge equivalents, with an average around 100,000, whereas a typical CG I

simulation scene can display 2,000 to 5,000.) Since real-world depiction has been the primary driver of scene design
rather than a perceptual cue and training task analysis, it seems likely that the training potential of existing systems
(an be enhanced when more attention is given to cues in relation to their perceptual function.

Pilots report that plain CGI surfaces do not provide depth cues, thus making precise altitude control impossible
0 and terrain avoidance difficult. In addition to the primary cue of retinal disparity, there are the secondary ces of aerial

perspective. linear perspective, retinal image, and familiar size, texture gradient, motion parallax, streaming.
interposition, height of an object in the visual field, light, and shadows, as well as the physiological cues of
accommodation and convergence (Graham, 1965; Harker & Jones, 19801. The perceived flatness of many scenes may
also be the result of visible monitor frames and raster patterns, as well as binocular viewing without retinal disparity.
No existing visual displays provide retinal disparate images; most are collimated (precluding accommodation changes.
and few are in color (precluding aerial perspective cues). The remaining cues are possible to display but var in the
amount of detail and computation required.

Since the amount of detail available is extremely limited, it should he treated as a valuable resource. The objective
is to get the most function (in a perceptual sense) with the least cost (in terms of detail expended). lor example. ground
texture has been cited as a very important fcature for the maintenance of low-level flight (Harker & Jones. 198); Stenger.
Zimmerlin. Thomas, & F unstein, 19W however, it is prohihitively costly (in a detail allocation sensel to depict via
software in most systems 'is r, ., next generation systems art- being designed to display ground texture using
automatic hardware feature .. du not compete with the detail resources.

7



,I it I IlatIioui. I tii-i.'it I Ilitiik lurg IthI at ti\tiiri' ter t-i prol i(it-, u-irfacc' iefiiiitiiii aid ill tI titre graduct pro% ile % vlocitIN

;raiiot iiforuiiationi. ( 1 i.i-i t ili them- iiitiiii, art- repoirts fronti (AGl tirs that pil acceptaince of(1 '('t's is

Iiiirtas('ilshell all% derail iadded to, the uirfacei. Therei' I ample atitdotal el dence froti the( field ard fron
iiiaiiiiactiin's thiat an%' added detail aids the pilot. Kraft 11Q99 evil-rimieitall't demonistratedl that a runla enrorment
%iti a lot of dialIdlepictii-'Z a cit.% res-ultedl inl letter pilot pierfoirmiance thani dfidl it ninwat inviroirnt barren ill details

located tin a di't like bed .

protileiii has lacil created b%' at lack (of dimen isioni or nietric for quant itatjvel't 'omp~arintg thel amlounlt or tYpe of

de tai I ient'- lit i a s elie. Fo r e-xam ph'. alonirg whatl dimnens ionls is the nhi nmav e nvin nnientl of a city compared withI that
- ~of a dth-e tW \ nit thtat mig'ht he, acceptable. to the engi nieri ng coinmiunjit\. saN ill edges tor edge equivalents) e

square, mile. iiiight het uinacceptable to the psychologist since it connotes nothing about sceneI cointenlt. AdditionallNt. the(
saint, ofbjeit eg.. trnee max h i idelv et%~ithI six. si x-hii ndred . or si x-t hon sand edges. The concept of opt ical (densityx
riia' x et tiirii out ito Ill' iist-hl . liot it is still niot clear that thle semantics anid the sxiintax of a %isual scene ean be' assimilated
inito at 'iigle diuilelisioii. Thl Illt-iStioii thieli lacounes: What is tie most efficient and( effective tyix' of detail tol add tio

till su rf ace? ( ee na ll speaking, dettail c-an lie- addfied to the surface as angular dc eb uient . as, coplanar to the surface.
"rit.as at Coiiunat io of't hese Ivo. WithI re'spict ti) detail alloc at ion anid pe'rceptinal t heories. each INIFc has its ad antages

Mid i-tittit tage'.. 'I'lic ph rpoi se if th pi fresen'lt ri si'archI is ti in~xest igate till, req iti remi' ilts for vet Hal cue~ts to suipport .
fot-l lfi ghlt a ithli thii simiutlatoir.

11. BACKGROUND)

Thei re is at gieO nal behl'ief in the siml Iator co mmunity that the addition iif surface text urie will sokle rnanyo (i thel
pri il eros assoc iated I ith similul ated I Ii w- bye i ghlt. The terni "texture" is rioit v-ery precise'. aild its re(cent popu11larity

ats t lie ling-awa it d ujialacei has (lit helped its statu(s as a termi with a precise meaning. Si ne th li-rot ioln (if text ore i ol ves

xec l id clIioplaniar idetai I whil-h bc irii(s moilre resolv'able as tine- approaches tile- stirface f. the( fid low inig disciss ii n

* clss li '~ii cs s ti ttie I'rt ca i r (i i)l narillnatlir. uefeirri g theit i ssue (Ift lie i r textural stat tis.

llncklaniu. M1onroue. aii Meihrer I 980) i'xperi nlltntallo, inivesti gatedt the role (If 'tariolls coplanar ruinway ('ues oil

approachI aiid lamndinrg performance iof tx pen clii ed plo i ts in at simiulIator. There were six daxtirme scenes i frnonways fill
* ~~alliitiiiii tii a iiight st'eit'k eac'h sceie was the satic size an~d had no0 other (it-tail inl the vicinity lf thec rutnway. One runway

in t a inii onl icenterl ine hashl and( sideline marking. The next addeit'( aniway idenit ification nulm111er withI standlardI

mark inlgs. The iiex t fiu Ir added( ( fleekered piatternis o~f 1.-, 8-. 1 6-, arid 25-ft st squares. Eachi ru nway was tested withI
alil(] withu tiii istainilard I (MN)- foiit ove'rruni ci ntai itii g chervi n niark ings.

.Althugh nial measuires (If pilot pe'rfolrmanc'e were analyzed, the molst revealing measure was vertical velocity at

tiiuc(hdollwn. corkrnonl utsed( as the mollst selisititiov measure for tie terminal phase (Iftouchdown portion of the landings.

1r1'I( resuilts indlicatedl that, in the absence (of aii overrun, there was a significant linear decrease in touchdown vertical
velol(itv its a function of increasing detail levels. By the addition (of the overrun, the linear effect of check size was
dlisrupltl'(l suc(h that thll 1--fotit checkeredl pattern was still the best, bot restults for the others did no~t differ signlificantly.

* l'.Evideintly. the positive effects (if edge-consuming (checkered patterns were not robust. Although the disrupting effects
(Ifthe I 'iirx (Il-miarke o'l verrun I are- an interesting finling, it was not pursued further.

4 ~~~~( )ne iif thi' thieoretical bleneifi ts (If c heclkered piatte'rns is the li near perspecti (itcu. Thiis cue should enhance

perct-~pti in of sourface orientation. AIt hou gh redundt ant % ith ouvierall rni 'ao shape t raiisformatiiin in the landing si tuation,
som ifrm if ointation inftirmat io need'ls to Il-nro ideol when iii'- haiis suirfacis intended i)be anyt hin(ohrta

flat. as iiall ateivliroliment (If rolling hills. Nlon-flat terrain repre'sentationi is anl essential re'quire'ment for all effieitivie

simu lat ion iif a low-level flight env'i rollnmtent. IFor these re'aso~ns. Buic kIandil. Vt Iwan Is, anid Stephens f11981 e (xttended thi'

use iof ('it ki'rid plat terns for depicting a narrow [)art(]olif rolli ng te'rraill' As lpart oif thet stu 11( v, tile size' (If the c'hecik was

4 1 ~~ari(ed friom~ 220-. W114-, anid 8(N-foot squiiart's. Til- prsni or ablsinc oii(f oti i al cuevs arid1 a i rcraft shiado w was alsiio

* ~~maui piihatd. The colirsi wats 10 miles long arid was nmadi' ilt) if i'ight valli'., fflat f sep;arated'l 1t% low rolling hills that
wire i'ithitr IMN it iir 3Mn ft'it high'liii stiid wits conucnitedl in a siniulati'i A~-10 aircraft using t'xpi'ritt-tle A-1If
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clet" whip w~ere inestructede tee [INee~-e-tl'e'r flight ilt 30) fet Amleii tilt, groundn at 3WM knocts,. I'll(- re'sult., einicatede

tha~t ilt tile- %ertical objie'ct, anci e'keiee ipatternls ,'iglificadi till efli'ec ee 'ieerepiemanee. N4) sigeeifieaeet effects' cwer

attriecctacle to tilt, aircraft haldo"ei. Seeliject. pic~loet ec1 ceelione icecheatedi a cre'fer'c v fer tilt 2 2 0-I'iect patterne andc tile-

pcresenelee k.1 %ertical oecet.. 
1 itllceeghll ticklane t al. I 1981) 1corciludlce that tiehe ccere Vtte'rn., "ere' iere inefluentil

thanee were tile- %erticaI Iiejiects. tile %ilial eesdi' 114 let all(,% loria invealliegfu of eelfarlsti clliclJ'e ie %eieeie cieje't,
c%-'iel' ecc t t'lleti~Iaill% pcc'c ande tile- .. "'sl~e itieiLc~as elect eeciitncclee.

I'lli tile' tllt e'cgec'- erioleg %ertle'aI oblject lit te'raierue re'eilcr-iig s.ix edges) %mec~il ae n(;e edege etiiti

imprlcren~elt iccr it cec'kerede patterni it" tilt- vertical eeeeet.rcequirede (tle spaineg as tile, inte'rsectioens coll till' e'ie'c'kere'

paette'rie. Icie~er. tile' poss..iiliity that %e'rtic'al obljetets mligh it ill e'f'ti~e alltiecuie's "sitli ctinsl'.ieIe'dil large iete'r-ece'-

dlistance' s suc~gestede afte'r illimeeeal te'stineg efl their 't'i't,' ecli el imeinatineg unwnedilcc te'rraini crashles inl at sillateci

comeebat e'n% irtieeeeet. Ke'llogg. P~rathler. ande Caistee 1981 ) repoerteeit~ high iiee'e f'l te'rrainl ccclli i'.is ill tilt' ceilelllt

4vf at '.tcce , Nef a simuelatc'd elose air siuppolrt senearioe. When~ confiironetede witi ene'rn'y groeunde thereats. leileets attemplltedi low~

alt iteie. le'fe'eesi~ e' ileie~e'reeg ande egress eueek% tee rn inteo tiec' groundll iliacie'rteltlc. lihe e'istinlg S iseal data lease "aa

tece cloese ite isfelaN eapacitN tee aillow for tile' addeition oef cle'h'kere patterns. iierefecre. etraiil'Crlns ~e're adede tee fte

% elal so ee'e il tiit- regioe., asseeciateel with tiee' largest neieier oef terrain erasile lceieee ill tile' Kelloegg et id. 1198 11 tndy .

Thie 4ec ct, wse're re'guilarly speaced aet I .(XX) Ic cdt nterva Is. Thiey we're moldelede tee ice 35 feet ine heigh t % ith shFaede b l ac'k

1ce(t410l.,ee an lhite tejS. Thee white toep was eesiged'e to precijed at linear perslleeti e ciee. Nol erial testieeg eelcue' sp(acieng.
shicve. ileigilt. eor shade was eceindeucted. Hiseser. re'li's froem peilot, whoc fle'a tihroughi tile' eles% ireeeiielt we're l~aseiaile.

anede crash.F rates seee' toee eeliie.

le I an em ct teo del'in li' vsteeiat ic'alk tie'- effe'et s oef these e'tical obi jects oielesI'I fiigilt. 1 Ege I 1 98) c cundcte 'c

a s.tud c i cl tiel't- elvalie d ,i niu lator Pi led Irajiiing/A - ( Cock pit Ceinfiguerationl ill wichl the 9 aciigoef tiiese cues was

%an eel at 25( -fe cet i necre'nts bietIwe'en 5WX alit(1 5 .0( fee't. There was also a condiit ione thFat (fie
1 

rlect coent ainc ans oeftheise'

t UV". illhe cties we're arranigedi in a t ri anguelar couiirse coinsist ineg elf (we steep left turnes appdreoxi matey it a g tee;; aired thFre'

stra igiht-aeed -le've le'gs. ' ii pils we're instruectede tee fl as low as they coilId safety flyi at 3MX knolets. The re'sulIts i nedicated

that tile' pre'se'nce of* tilt' ces hall a significant effect oieel ce'l flight alt itude coinp1 ared to the ece ei'ns ity~ cendiit iones.

Tiere %aa. lie e 'r. a s ignei ficaeit e'ffect oef the'- de'isity conition ti i l thet fre'qeeency of terrain li'rashes sue'hF t hat tie ijilhl'

d e'nse cue condhitiones wiere assoc~iatc'd i tie fewer crashes. Se'se'ral prolems it)ll -e'xperi me'ntal de'sign all]nd duciil i t 111a.'

liase re'sulted iee lack of'se'isiti% ity tee -III' enisity.

Ile a see1lsee ect seriecs cll studciecs risineg a eliffe'renrt expe'rimiienital piaradiigm, McIart ini 1983) ienve'st igatede tile' rle o f

lie' ci 'eisitN ,c assi gned alt itudde of flighit. airspeedel alid pilot cse'rien lce in a simniuclated leow-level fligiit task. Considecrinug

ithat Iced Iof'c data, tile' re'sulIts elf thoe' stuiie cs inediicate e cue'esi ty has a sign ificaeit e'ffect oil tile' aiility 14te nealintir ce

g i ee alt itute' in le'vel flight ane on11 rediuc ineg tile' freqiue'y of te'rraini crashes feir hoth e'xperieedu and i ne'xperieed e

fighite'r pi leets. '[Fe effe'V't oef e't( dcte'lsi t% was feoundc at 31U) knots oef ai rspee'd but riot at 3100 k nots Itle spieed uised( ii tile'

1K igle stud tik. 'Th'e lues used ini thiose st udies we're 'y ram ie-shap'ei te'trahiedrones shaedc lilack . 7-i feet hi ghi: tiese' were

- e'eeeecoseierahilv large'r thlan the ('le'-siapd lce's.

'[le phirpoise of tile' presenlt stueie cs was i nvest igate tie'- roles of the line'ar pe'rspeetiveI ('lee' pr icie'ei Icy tile' whIiite

to ps. ai rspeedi cue sheae auth eesit- s alt it ude eel flight, and pilot experience.

Ill. ST1Ufl 1: OBJECT DENSIT AND SHADJE

* Objectives

'[he re'sults cif e'arlie'r studeie's oii vertical cueing ( Martin, 1983) demoiistrate the inadequacy of even the highest

de'nsity e'ue'- conedit ions to support leow-levelI flight during turns, The pilocts oiften commented that the cues were riot as

Nisible froem higher altiteedes I. g. . 7(X)feet aboivegroiund le'vel I AGILi. as they would have preferred. (The ASPT visual

s'ester Soiftware autoematic'ally droips the'm freim the scene- at altitudes above 2000 fe'et AGI.) In an attempt to make the

cue's (pvramid-corienteei tetrahedromns 75 fe'et high) more visibele, tite' shade was chaiiged froim blac'k to white. The results
ouf data anid coemme'nts coluleeed icifermalle. suogge'ste'd the white ('te's we're meire visible. espe'cially at the lowest de'nsity

2I)
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leei (a, rage ihter-cut distance of 1..5() feet). Tle purpose of the present sludv is to conduct a direct (omparis ion

hct ven the [i iite and black tices in a high %ersus 1o- 'ue densit% environment.

Method -

Subjects. .ight B ciurse pilots partici pated in this study. None had previous experience as a fighter pilot: one had

a pre% ious asignment as an Air Training Comnniand instructor pilot, and one had previously been a navigator in an F-.IW
aircraft. Their mean total flight time was t 18 hours (range 2(W) to 1564)). and the mean age was 24.5 (range 23 to 27).

Equipment. The ASI'" was used in ihe conduct of Studv I and Study II. This device is a research simulator originally
designed with a full-mission T-37 capability. A detailed description of the original device may be found in tGum. Albery,
and Basinger i 1975). One cockpit has been modified to an A-10 aircraft configuration; the other cockpi: has been
configuired as an F- 16 aircraft. Both systems were designed to have the necessary cockpit arid aerodynami( capabilities
to support transition flight tasks such as takeoffs, approaches, and landings; instrument flight; basic navigation tasks;
and conventional air-to-ground weapons I bomb and gun I deliver. Neither of the modified configurations has full-mission
capabilities. Thc F- 16 configuration was the one used in this research. The F- 16 cockpit layout was designed to duplicate S

Block I aircraft in most major respects with the exception of the seat, which was a modified T-37 seat tilted back 27*.
The following is a description of the AISPIT/F- 16 as it was configured for this effort.

1. 1isual. The visual display consists of a monochromatic comptter-generated image displayed through seven
cathode-ra% tubes (CRTsi with a ± 150' horizontal (H) bv + 110' vertical (V) field of view. The ASPT has a - 15' view
o er the nose. - 370 over the left side, and - 15' over the right side. (The aircraft field of view is 360' H by + 180. ,

- 0 oi er the side. anid - 15' o% er the nose.) The resolution of the display is approximately 6 art numbers.

2. Kine.sthetic. The ASII'/F-16 does not have the capability to tise the platform motion system that was available
iit the original T-37 configuration. There is a (;-seat and (;-suit capability; however, no (;-cueing was used in this study.

3. Instrumentation. All flight and engine instruments were operable with the exception of the fuel flow gauge. The 6
horizontal situation indicator was operable. but not the inertial navigation system. Static mockups were used for the

comnintiications. chaff/flare, and electronic countermeasure panels. The heads-up display (HUDI was a operational

model driven by a simulation of the flgiht control computer.

t. Basic Flight. Aircraft aerodynamics were modeled from sea level to 4.000 feet from 0 to 0.9 mach. and a
inaxinium of 300 angle of attack. The simulation will continue to allow higher and faster flight but without proper

atmospheric modeling and drag coefficients. Engine performance was modeled from idle to afterburner and from sea
leel to 55.0() feet. The aerodynamic model (lid not account for weapon drag or station numbers, but did account for

%eapon weight.

5. Weapons Systems. The configuration included air-to-ground .,imuiation of manual bomb and strafe modes.
continuously computed impact point also with bombs and strafe, and dive toss deliveries. The potential ordinance
included BDU 33. CBU 68, MK 61, MK 82 (high and low drag), and MK 106. For the delivery modes and listed ordnance,
the stores management system displayed proper indications. The simulation did not include air-to-ground missile
deliveries nor air-to-air capabilities.

6. Instructional Features. In addition to the aircraft simulation, the ASPT/F-16 provided several instructional
features that were used in this study. A video display of the HUD (Figures 1 and 21 and forward out-of-the-cockpit visual
scene was projected on a CRT monitor on the instructor console. A graphic display of the aircraft position was also

available at the console. Either of these displays could be videotaped with associated voice communications. The current
status of any relevant aircraft system states was displayed on an alphanumeric CRT. Automated objective peformance
measurement was available via the student data system (see Fuller, Waag, & Martin, 1980, for a description) and a

data record system that allows for the recording of up to 20 variables at 30 Hz. The student data system was used in
this effort. S
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7.Task Description. The experimental task consisted of a three-legged course containing one left turn -after the
* - first leg and one right turn after the second leg. Each leg was 8 nautical miles (nml long and 2 nm wide. Each turn was -

a right angle turn requiring a 90' heading change (see Figure :1). The vertical cues were contained within the course
* boundaries and were distributed in such a way that the mean inter-cue distance met the experimental test requirements-0
* ~either 1.500, 3.0WX or MW,4X feet. The .election of cue- density and shade could be accomplished manually by the

experimenter from the simulator operator console or by preprogramimed software control.

* The pilot's task was to fly through the course at the assigned altitude. An aiming tower 450 feet high was located
at the end of each leg. A tone was delivered through the pilot's headset as a cue to initiate each turn. The delivery of
the tone was controlled by preprogrammed software which monitored the aircraft's position along the course. At 540 knots,
the course could be navigated if the pilot executed a 5g to 6g turn when the tone sounded. (Preliminary testing had found
that navigation through the course at low altitudes was extremely difficult without addition of some navigational aids.
The aiming towers and tone were included for these reasons.)I

* The shade of the aiming tower matched the shade of the cue on each trial. In order to control the optical flow rate
as determined b% the aircraft's airspeed, the pilot was given a verbal cue in his headset by a computer-generated voice.
Whenever the airspeed exceeded or fell below the desired airspeed by more than 30 knots, the voice would say "high,
high," etc. or "low, low." etc. until the ± 30-knots tolerance was reattained. (The vocabulary of the computer voice
dlid no~t include "fast" or "slow." Unfortunately, the words "high" and "low" more naturally connote altitude rather than
airspeed. However, emphasis during instructions and one experience during the practice trial seemed to eliminate
confusion.) Each trail was initialized at the same point. Each trial was automatically terminated when the aircraft position

4 was laterally adjacent to the final aiming tower. A terrain crash was determined to have occured when the aircraft's center0

of gravity reached 0 feet AGL.

In the event of a terrain crash, the trail was automatically terminated, and the aircraft was repositioned at the starting
point. When the aircraft crashed, the visual display changed to white (using preprogrammed insertion of the "temporary
cloud" feature avaliable on the ASPI'.) The vertical cues had no reality status, thus allowing the aircraft to pass through
them without crash indications. In order to ensure that the pilots were using the external vertical cues to guide their
flight altitude, the cockpit altimeter was covered and disabled. A specially programmed HUD display was used which
provided heading, airspeed, g force, and distance measuring equipment, information (i.e., no flight path, pitch, altitude,
nor bank information)I.

8. Experimental Design and Procedures. A 2x2 factorial, repeated -measures experimental design was used in this
study. Two levels of cue shade (white and black) and two levels of cue density (1,500 and 4,500 feet) were manipulated.
Each subject was exposed to each experimental condition twice. The sequence of condition presentations was
counterbalanced. Thus, each subject was run on eight test trails. The test trails were preceded by two practice trails.
All practice trails used a cue density that was intermediate to the two test conditions (i.e., the mean inter-cue distance
was 3,000 feet. The cue shade was alternated between trails, and the between-subject sequence of cue shade was
counterbalanced.

1. Indrpendent Variables. The two independent variables in this study were cue shade (black and white) and cue
denisty ( 1,500 and 4,500 feet). The cues were tetrahedrons 75 feet high with a 32-foot base.. The luminance levels were
as follows (as measured by a Pritchard photometer): (a) black cue 2.2 foot-lambert, (b) white cue 1.3 foot-lambert, (c)

* gray ground .61 foot-lambert and (d) the sky 1.0 foot-lambert. These values represent the luminance as measured from
the front C RT. The levels varied somewhat across the various channels and within locations on the channels.

2. Control Variables. Airspeed (540 knots and task altitude (100 feet AGL) were held constant across conditions.
The 544)-knot airspeed was selected because it is a representative F-16 fighter/attack low-level airspeed and because

* previous research had shown that performance was sensitive to cue density at this airspeed but not at 300 knots. A task
altitude of 100 feet AGIL was chosen because previous research demonstrated sensitivity to independent variables with
less within- and between-subject variability in height control. Pilots also subjectively reported that 100 feet was easier
to discriminate than 50f('et or 1.50 feet.
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I V

3. Dependent Measures and Data Analyses. Six dependent measures of pilot performance were analyzed: fal Root
Mean Square (RMS) altitude for the entire course, (b) RMS altitude for level flight, cle RMS altitude for the turns, (d)
mean altitude for the entire course, (el mean altitude for level flight, and If) mean altitude for the turns. A turn was
defined as a bank angle greater than 300. Level flight was defined as bank angle equal to or less than 300. The automated
performance measurement logic separated each leg and each turn as well as providing overall course measurement. In
the event of a terrain crash, the x, y coordinates, airspeed, g-force bank, and pitch position at impact were recorded.
These six variables were analyzed using a multivariate analysis of variance (MANOVAl, followed by univariate F tests.
The proportion of variance accounted for by each of the variables found to be statistically signific~.nt (P < .051 on the
F tests was computed the omega-squared statistic.

Results

The issue of interest in this study was the influence of vertical cue density and shade on the pilot's ability to maintain
flight at 100 feet AGL. For inclusion of a measure of control, RMS, as well as altitude, was analyzed for level flight,
turning flight, and entire course (level and turning flight combined). Additionally, measure of strength of association,
omega squared, was included to provide an index of the relative amount of variance accounted for by the statistically
significant factors.

Tables I and 2 present the mean and RMS data, and Tables 3 to 5 present the source tables for the MANOVA
and univariate F tests with associated omega-squared values.

Table 6 depicts the distribution of terrain crashes. In the event of a terrain crash, only the data collected to the
point of the crash were included for analysis; i.e., no attempt was made to estimate values for the remainder of the trial.
Since most crashes occurred coming out of the second turn or near the beginning of the third leg, the lost data were
primarily from the third leg.

As shown in Tables 1 and 2, flight levels were consistently between 100 and 200 feet AGL. Level flight values
were relatively close to the assigned 100-foot altitude with flight paths rising 50 to 75 feet in the turns. With respect
to the independent variables, the flight heights are generally lower for the 1500-foot density condition than for the 4500-
foot condition and lower for the white cues than for the black.

Statistical analysis of the mean data revealed that there were reliable main effects for both cue density and cue
shade when considering the entire course performance. These effects are also reliable when considering only level flight,
but the main effect of cue density was not found to be reliable for maneuvering flight. Evidently, cue density provides 0
a significant cue in level flight but is not a significant factor (at the two levels tested) in aiding altitude control during
the turns. The influence of the white cue shade was consistent for both level and turning flight, regardless of cue density
(i.e., a main effect with no interaction with density).

Examination of Table 2 reveals a similar but somewhat different pattern of results. The differences associated with
cue density but not cue shade are significant for level flight. The opposite is true for turning flight; i.e., cue shade but
not density is a significant performance factor.

The pattern of results from the statistical analyses reveals that both cue density and cue shade reliably affect pilot
performance on this task such that performance is better with more cues, and white cues are better than black ones.
Cue density contributes most of its influence during level flight, whereas shading influences turning flight. In addition
to the statistically significant effects, the magnitude of these effects are of interest in determining the pragmatic
consequences of the differences. During level flight, the average difference in altitude was about 13 feet between the
1500-foot cue spacing and the 4500-foot cue spacing. The difference associated with cue shade was only about 9 feet
in average level flight altitude. A statistical index of magnitude of effect (w2) indicates that 15% of the variability can
be accounted for by the difference in cue density and about 4% by cue shade. In turning flight, about 9% of the variance
is accounted for by cue shade. The real-world impact of these types of differences is included in the Discussion section.6e
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Talble 1. Mean Altitude

Cue Density

Cue Shade 1500 Feet 4500 Feet X

Total Course

A hite 121.76 132.14 126.95
Black 135.57 14.3.77 139.67

128.60 137.95

Level Flight

White 107.03 121.73 114.38

Black 115.31 127.15 121.23

X 111.17 124.44 5

Turning Flight

White 175.18 164.26 169.72

Black 201.59 210.23 205.92

188.39 187.25

Table2. Mean RMS Altitude

Cue Density
Cue Shade 1500 Feet 4500 Feet X

Total Course

Whitt 134.99 145.78 140.38
Black 152.48 157.99 155.23

X 143.73 151.88

Level Flight

White 112.55 131.52 122.03
Black 123.09 133.22 128.16

X 117.82 132.37

Turning Flight

White 188.91 177.53 183.22

Black 223.76 222.76 223.24

X 206.34 200.15
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Table3. MANOVA Source TaLle

Component df Lambda dii d(2 FO -

Cue Density I .0028 ().(X) 2.(X) 117.729 .(k)84*
CueShade 1 .0074 6.X) 2.00 3.974 .2147
Subject 7 .00(0 12.00 12.83 7.44 .0002*
Densitv X Shade I .3543 6.00 2.0 .608 .7308
Density X Subject 7 .00() 12.00 12.83 3.19 .0139*
Shade X Subject 7 .(K)0 42.00 12.83 2.73 .0274*

*p <.05.

Table 4. RMS Altitude Univarate Source Table Plus Omega Squared

Source df F w

ZS
Total Course

Density 1 3.3904 .1081
Shade I 11.2596 .0122* .05
Subject 7 18.5802 .0005* .65
Density X Shade 1 .3555 .5698
Density X Subject 7 2.9579 .0879
Shade X Subject 7 2.3598 .1400
Error 7
Total .70

Level Flight
Density I 24.024 .0018* .13 ]Shade 1 4.2614 .0779

Subject 7 12.04 .002* .43
Density X Shade 1 2,2269 .1793
Density X Subject 7 4.4384 .0339* 13
Shade X Subject 7 3.8238 .0489* .11
Error 7
Total .80

Turning Flight

Density 1 .3877 .5532
Shade 1 16.2165 .005* .09
Subject 7 15.9842 .0008" .64
Density X Shade 1 .2722 .6180
Density X Subject 7 2.0253 .1861
Shade X Subject 7 1.7369 .2418
Error 7
Total .73

*p < .05.
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Tble 5. Mean Altitude Univariate Source Table Plus Omega Squared

Source df F w

Total Course

l6ensit I 6.6799 .0362* .04
Shade 1 12.5286 .(X)95* .07
Subject 7 I1 .9906 .(0)10* .61 0
Density X Shade 1 .0915 .7711
Density X Subject 7 1.9264 .2033
Shade X Subject 7 2.2612 .1519
E.rror 7
Total .72

Level Flight

Density 1 41.9717 .0003* .15
Shade 1 11.2084 .0123* .04

ubject 7 17.3627 .0006* .42
Density X Shade I .4874 .5076
Density X Subject 7 6.9007 .0104* .15
Shade X Subject 7 5.9517 .0157* .13
Error 7 33.5642
Total .72

Turning Flight

Density 1 .0255 .8776
Shade I 25.6739 .0015* .09
Subject 7 25.9227 .0002* .66
Density X Shade 1 1.8731 .2134
Density X Subject 7 4.3273 .0361 * .09
Shade X Subject 7 2.3871t .1368
Error 7

Total .84

p< .05.

As is evident from Tables 3 through 5 (the source tables), the largest effects and the most variance can be accounted
for by the differences between subjects. The subject effect is responsibile for 42% of the level flight variance and 66%
of the turning flight variance (for mean values). The main subject effect size and the numerous significant interactions
of density and shade conditions with subjects indicates a considerable and consistent difference between pilots and also
how the factors of cue density and shade influence their individual flight performance. Typically, the subject factor
accounts for a large porportion of the variance, however, in this type of experimental design, the importance of individual
differences in technique, and perhaps perceptual habits, should not be overlooked.

One of the most revealing indices of the effects of these factors is their relationship to terrain avoidance. Table
6 presents a simple frequency tabulation of terrain crashes. With such small numbers, no firm and fast conclusions can
be drawn about the differences between any of the cells, but it seems clear that cue density influences the pilot's ability
to effect terrain avoidance. Also, the difference' between the white and black cue conditions is small. Thus, even though

cue shade influences the mean height and the variability in altitude control, it does not seem to be a contributor to terrain
avoidance.

18
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Table 6. Terrain Crashes

Cue Shade
Cue Density Black White

1500 Feet 0 1
4500 Feet 3 4

IV. STU'DY If: AIRSPEED AND OBJECT CONFIGU'RATION

Objectives

The original intent of providing a cue that is shaded with a white top and black bottom was to provide a clearly
visible linear perspective cue. The actual function of this cue-shading technique was never experimentally tested. The
results of Study I indicate the potential import of a contrast cue. Additionally, a systematic examination of the role of
vertical development has not been adequately performed. Three cue conditions were used in this study: (a) black-
bottomed, white-topped cues, (b) all black cues, and (c) the white tops placed coplanar with the surface (i.e., no vertical
development). The specific objectives were to examine (a) terrain texture in the form of all black versus white-topped
cones, (b) the effects of the presence (or absence of vertical development in terrain features, and (c) the effects of the
rate of motion on the maintenance of an assigned flight altitude. The latter variable had not been studied within the same
experiment; the results of the present study would provide a direct test of the airspeed (optical flow rate) factor. The
difference in airspeed provides a rate of texture motion that could produce differences in depth cues, such as motion
parallax. These airspeeds are also representative of the fast/slow flighter aircraft airspeeds. For similar reasons, the study
also included two levels of pilot experience. Because of a small sample size in the experienced group, no direct
comparison was made. Pilots with experience in actual aircraft low-level flight would be expected to perform differently

* than novice fighter pilots.

* Method

Subjects. A total of 20 pilots participated in the study. Data from one subject was deleted due to an error in
experimental test procedures. All pilots were in the process of transitioning to the F-16 aircraft, and they participated
in this study after completion of a 4-hour instructional syllabus in the ASPT/F-16. Thirteen B-course pilots (mean flying
time = 779 hours) and six T-course (mean flying time = 1,864 hours) served as subjects.

Equipment. Same as Study 1.

Experimental Design and Procedures. The course used in study 11 was the same as the one used in Study I (see
Figure 3). The course consisted of three legs arranged at right angles; each leg was 8 miles long and 2 miles wide. An
aiming tower 450 feet high was positioned at the end of each leg. A tone was presented through the subject's headset

A as a cue to initiate a left or right turn as required. The turn required a 900 heading change.

Each subject received both a verbal and a written briefing prior to participation in the experiment. The subject
was instructed to maintain an altitude of 200 feet AGL and to maintain his assigned airspeed for that trial (either 300
or 540 knots indicated airspeed (KIAS)). Each pilot was initialized at the desired altitude prior to the beginning of each
trial. Whenever airspeed exceeded or fell below the prescribed value by more than 30 knots, an automated voice said

* "low, low," etc., or "high, high," etc.,* until the airspeed was back within the 30-knot tolerance.

The experimental design used in the study was a 3x2 (three terrain features and two airspeeds) within-subjects
design. Each subject had 15 trials (about 90 minutes in the 300-KIAS condition and 50 minutes in the 540-KIAS

d condition). The first three trials were practice trials. On these trials, the subject was verbally informed of the altitude
every few seconds by the experimenter by means of the headset communications system. On the 12 test trials, no verbal
feedback was given until the trial was complete. Then, the subject was told how close the altitude was to the prescribed.
Three of the six conditions were chosen at random for the three practice trials. Each of the six test conditions was repeated
twice during the test trials; the sequence of conditions was randomly distributed.
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All pilots were questioned immediately after participating in the experiment to determine their preference for the
different terrain features (in rank order) and the different cues they used to maintian altitude.

1. Independent Variables. The independent variables were as follows:

a. Three types of vertical cues were used: all black inverted tetrahedrons; black-bottomed, white-topped
inverted tetrahedrons; and white triangles coplanar to the surface. All tetrahedrons were 35 feet in height with about
a 10-foot base. The coplanar triangles were simply the tops of the tetrahedrons. The cues were spaced irregularly
throughout the course with an average inter-cue distance of 1,500 feet. This factor was a within-subject variable. The
lumminance levels at the cues (as measured by a Pritchard photometer) were as follows; black .25 foot-lamberts, white
top 1.15 foot-lamberts, sky 1.05 foot-lamberts, and gray ground .55 foot-lambert. These readings were taken from the
front channel and vary somewhat between and within CRTs.

b. Two airspeeds were chosen: 300 and 540 KIAS. These were the same airspeeds used in separate experiments
by Martin (1983). This factor was also a within-subject variable.

c. Strickly speaking, pilot experience was not an independent variable because no direct comparisons were
made between the groups. Two groups of pilots were used. One group consisted of pilots with extensive previous fighter
experience, and the other group consisted of recent graduates with no previous operational fighter background.

2. Dependent Measures. The mean altitude RMS deviation for level flight turns, as well as for the entire course,
were the dependent measures used in this study. In addition, the number of terrain crashes for each of the six conditions
was recorded.

V. RESULTS

The results of both studies are presented in tabular form. Results of the ANOVAs (BMDX69X) and the values of
omega squared for the B-course pilots are shown in Tables 7 through 12. Tables 13 through 18 present the mean values
for altitude and RMS deviation (from 200 feet) for the entire course, for level flight only, and for turns only for the same S
subjects. The results of the ANOVAs and the values of omega squared for the T-course pilots are shown in Tables 19
and 20, and the mean values for altitude and RMS deviation for the entire course are shown in Tables 21 and 22.

Inspection of Tables 7 and 8 showns that, in general, for the B-course (less experienced pilots), mean altitude and
RMS deviation are most affected by the variables of airspeed and texture or terrain features. Tukey tests (p < .01) showed
that these values increased significantly with an increase in airspeed, and when triangles were used in place of either
type of cone (all black or with a white-top), these factors usually accounted for the largest amount of the total variance,
as shown by the values of omega squared. In addition, there was a significant subjects effect.

Table 19 shows the number of terrain crashes for each terrain feature-airspeed combination. The results are shown
for both B-course and T-course (in parentheses) pilots. In general, the overwhelming number of terrain crashes for B-
course pilots (16 out of 19) and T-course pilots (4 out of 5) occurred for the conditions which employed white triangles.
For both groups, most crashes occurred in the right turn (20 out of 24).

The results for the T-course or more experienced pilots are shown in Tables 19 to 22. Here, the only significant
effects were for airspeed and subjects, with texture being nonsignificant. Tukey tests showed these differences to be
significant at a p < .05.

Finally, all subjects were interviewed immediately after participating in the experiment. As indicated, they were
questioned as to the cues they used in maintaining their altitude and their preferences (in rank order) of the three terrain -
features. All but two B-course pilots preferred the white-topped cones first, the all-black cones second, and the white
triangles third. Of the two who ranked the terrain features differently, one did not discriminate between the different
cones, and the other preferred the all-black cones first, followed by the white-topped cones, and then the triangles.
However, the T-course pilots tended to choose the all-black cones first, the white-topped cones second, and the triangles
third; however two T-course pilots reversed the order of cone preference. In all cases, the white triangles were least
preferred by pilots.
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Table,-. Results of ANOVAs and Omega-Squared Values
for Total Course Mean Altitude

(B-Course Pilots)
.0

Source df F p W
2

A (A irspeed) I 157.6789 .00000 .356
B (Texturel 2 15.0721 .W)03 .064
S Subjets 12 3.3990 .00071 .066
SA 12 1.6726 NS*
SB 24 2.3590 .00270 .074
.,\ 2 11.8288 .(X)12 .049

SAB 24 1.3167 NS*

Note. Total variance accounted for .609. 0
*t_> .01.

Table 8. Results of ANOVAs and Omega-Squared Values
for Total Course RMS Altitude

(B-Course Pilots)

Source df F p 2

A (A irspeed I 127.4875 .00000 .265
B (Texturel 2 38.4251 .00000 .157
SiSubjec)s) 12 3.4490 .00063 .062
SA 12 3.2787 .00096 .157
SB 24 3.5919 .00004 .057
AB 2 19.9981 .00001 .080
SAB 24 2.7021 .00072 .086

Note. Total variance accounted for .837.

Table9. Results of ANOVAs and Omega-Squared Values
for Level Flight Mean Altitude

(B-Course Pilots)

Source df F WS

A (Airspeed) 1 76.6962 .00000 .242
B (Texture) 2 8.9092 .00057 .053
S(Subjects) 12 2.5010 .00800 .061
SA 12 1.3735 NS*
SB 24 1.7609 NS* .062
AB 2 7.8003 .00110 .046
SAB 78 .9169 NS*

Note. Total variance accounted for= .464.
*p>.01.
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Table /0. Results of ANOVAs and Omega-Squared
Values for Level Flight RMS Deviation

(B-Course Pilots)

Source- df F .
2

A (Airspeed) I 53.3613 .(XXXX) .1 14)
B iTcxture) 2 28. 1642 .tX)0 .115
S iSubjcts) 12 2.8286 .W0320 .058
SA 12 2.23-4) NS* .U) "
SB 24 2.5209 .(X)!14) .097
AB 2 11.2513 .(X)1o .055
SA B 24 1.7761 .(X)2(X) .050

Note. Total variance aco'nted for = .585. S
*1_ >01.

Tablell. Results of ANOVAs and Omega-Squared
Values for Mean Altitude in Turns

(B-Course Pilots)

Source df F w2

A (Airspeed) 1 150.2852 .00000 .336
Bf(Texturel 2 5.6762 .()530 .021
S (Subjects) 12 3.998 .00018 .081 0
S A 12 2.0398 NS* .028
S B 24 2.0505 .00950 .057
AB 2 15.1466 .00003 .064
SAB 24 2. 1350 .00670 .061

Note. Total variance accounted for = .648.
*p> .01.

Table 12. Results of ANOVAs and Omega-Squared
Values for RMS Deviation in Turns S

(B-Course Pilots)

Source d_ F w2

A (Airspeed) 1 132.6463 .00000 .275 0
B (Texture) 2 22.7085 .00000 .090
S (Subjects) 12 4.0118 .00018 .075
SA 12 2.6707 .00490 .041
SB 24 2.4008 .00230 .069
AB 2 14.7426 .00003 .057
SAB 24 2.4919 .00160 .074 _

Note. Total variance accounted for = .678.
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Table 1.3. Means for Total Course Altitude
(B.C ourse Pilots)

Airspeed

Cue Type 300 KIAS 540 KIAS

White Triangles 184.67422 325.42537
All-Black Cones 181.50306 25 1.3584
White-Topped Cones 178.63768 2,41.3.584

Table 14. Means for Total Course RMS Deviation
(B-Course Pilots)

Airspeed

(:ue Typ 300 KIAS 540 KIAS

White Triangles 69.71000 179.43349j

0All-Black Cones 54.67442 91.641886
White-Topped Cones 56.71627 93.70199

Table 15. Means for Level Course Altitude --I
(B-Course Pilots)0

Airspeed

Cue Type 300 KIAS 540 KIAS

WhiteTriangles 188.36998 297.30613
All-Black Cones 180.61845 238.01498
White-Topped Cones 188.81345 223.54767

* Table 16. Means for Level Course RMS Deviation
(B-Course Pilots)

Airspeed
Cue Type 300 KIAS 540 KIAS

WhiteTriangles 67.52399 135.45772
All-Black Cones 52.86430 72.22788
White-Topped Cones 53.79326 72.73411
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Table 17. Mean Altitude in Turns
(B-Course Pilots)

CCeTYpe 300 KIAS 540 KIAS

WhiteTriangles 171.28680 401.3633
All-Black Cones 188.53729 300.12997
White-Topped Cones 204. 14268 287.40229

Table 18. Mean RMS Deviation in Turns
(B-Course Pilots)

Airspeed
CueType 300 KIAS 540 KIAS

White Triangles 80.73184 257.50613
All-Black Cones 63.57426 139.19199
White-Topped Cones 72.13561 138.29910

Table 19. Results of ANOVAs and Omega-Squared Values for Total Course Mean Altitude
(T.Course Pilots)

Source df F W

A (Airspeed) 1 15.8053 .00056 .142
B (Texture) 2 2.7343 NS*
S (Subjects) 5 3.4305 .01200 .117
SA 5 .8644 NS*
SB 10 .8319 NS*
A B 2 2.5672 NS*
SAB 10 1.0821 NS*

Note. Total variance accounted for =.259.

*p>.O5.
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Tabhe20. Results of ANOVAs and Omega-Squared Values for0
Total Course RMS Deviation

(T-Course Pilots)

Source df F W

Ai (A irspeed) I 15.0883 .00068 .14.6
B (Texture) 2 1.4724 NS*
S(Subjectsl 5 ~ 3.3790 .01300 .124
SA 5.9841 NS*
SB 10 .4533 NS*
AB 2 2.0138 NS*
SAB 10 1.0802 NS*

Note. Total variance accounted for = .270.
*P >. 0 5 .

Table 21. Means for Total Course Altitude
(T-Course Pilots)

Cue Type 300 KIAS 540 KIASS

White Triangles 227.62916 244.31249
All-Black Cones 212.40166 304.33999

*White-Topped Cones 193.13500 246.25083

Table 22. Means for Total Course RMS Deviation
(T-Course Pilots)

0 Airspeed
Cue Type 300 KIAS 540KtA

-'White Triangles 84.4-3766 108.84358
All-Black Cones 56.66975 140.53158

*White-Topped Cones 55.31591 094.11016 IP
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'V~~ V. 1.7

•- .

With regard to the kinds of cues the pilots reported they used, several interesting and often similar comments were
made by subjects front both groups (B-course and T-course pilots). The main comments involved the following: (a) the
use of HUD as a visual reference relative to the aiming towers or the horizon, (b) the use of peripheral vision and the

flow of streaming of cues, (c) the necessity of having vertically developed terrain features, (d) the relative height of the S
terrain features and the aiming towers, (e) the rate of movement of the terrain features, (f) the size of the white triangles,

and (g) the use of the vertical velocity indicator (VVI) in the cockpit to provide an indirect indication of altitude. Few
differences were observed between the comments of B-course and T-course pilots.

In general, the results obtained with both groups of subjects (B-course and T-course pilots) in the present study
show that airspeed has the greatest effect on the dependent variables of mean altitude and RMS deviation. In other words, _

an increase in airspeed from 300 to 540 KIAS produced a significant increase in mean altitude and RMS deviation.
However, less experienced pilots (B-course) also show significantly increased altitude and RMS deviation measures at

the higher airspeed when there is a lack of vertical development in the terrain features (white triangles versue cones).
This effect was not found with the more experienced pilots (T-course), which may suggest they are better able to utilize
other cues in their visual environment (e.g., the VVI, the HUD frame, the windscreen frame, and the combining glass
of the HUD), in the absence of vertically developed terrain features. No significant effects were found when texture in •

the form of contrast was manipulated (all-black versue white-topped cones) for either group. Thus, vertical development
appears to be the most important terrain feature. This finding is emphasized when the data for terrain crashes are
examined (see Table 23). As previously noted, most of the crashes occurred when using the white triangles for both
groups. This indicates that vertical development is also important to the more experienced, as well as the less
experienced, pilots.

0.

Table23. Terrain Crashes as a Function of
Experimental Conditions

CueType 300 KIAS 540 KIAS

WhiteTriangles 9(2) 7(2)

All-Black Cones 1
White-Topped Cones 1(1)

Note. Values in parentheses refer to T-course pilots; all others refer to 0
B3-course pilots.

A significant subject effect with both B-course and T-course pilots may well be due to the differences in their flying

experience. Pilots in both courses tended to vary both in the number of hours (SD = 684 for B-course and SD = 767
forT-course pilots) and the type of aircraft flown.

VI. DISCUSSION

Two studies were conducted investigating the role of vertical cue development as an aid to low-level flight in a flight
simulator equipped with a computer-generated imagery system. The ASPT in its F-16 configuration was used in this

research. It is equipped with a monochromatic seven-channel pancake window visual display which covers a field of
view of t 1500 H by + 110* V. Pilots transitioning into the F-16 aircraft served as subjects in the experiments. The
pilots in Study I and one of the groups in Study 11 were B-course pilots; they had no previous experience in fighter aircraft

experience. Their participation in the present effort followed completion of a 4-hour course of instruction in the ASPT
on transition and conventional weapons delivery tasks.

II
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V.0.

The experimental task used in the effort was a course consisting of three straight path segments separated by two
right angle turns; the first turn was to the left and the second turn to the right. At 54 knots, approximately 6g turn
was required to remain on the course. Each leg was 8 nautical miles long and 2 nautical miles wide. Scattered throughout
the course were vertical cues whose type and density were varied on each trial. The pilot's task was to fly through the
course at a prescribed altitudt and airspeed using the cues as the primary reference for accomplishing the task. There
were no cockpit or HUD indications of altitude, velocity vector, vertical velocity, pitch, hank or airspeed. The
performance measurement system on the ASPT was programmed to monitor the altitude, airspeed, bank, and g-forces
throughout each trial.

In Study 1, cue density and cue shade were manipulated as the independent variables. The cues were tetrahedrons
(pyramids) that were 75 feet high with a 32-foot base. The cue shades were either solid black or solid white. Two density
levels were used. In the most dense condition, the cues were spaced irregularly throughout the course at an average

* inter-cue distance of 1500 feet. In the least dense condition, the average spacing distance was 4500 feet. The pilots
* were asked to fly through the course at 100 feet AGL and to maintain 54-knots airspeed. Thus, for any given trial,

the pilot might see white pyramids spaced at an average of 4500 feet, and the next trial the pilot might see black pyramids
spaced at an averge of 1500 feet. All pilots were exposed to each of the four cue conditions twice; the average of the
two trials was used as the data for subsequent analysis. The results of the study indicated that both the cue density and
the cue shade significantly influenced the pilot's ability to maintain altitude. The more dense condition and the white
cue condition were superior to the less dense and black cue condition, respectively. Even though the white shade cue
was a more effective cue, the pilots unanimously preferred the black cues. The cue density was not as much a factor
in the turns as it was for level flight, but the white shade maintained an influence during the turns. The cue density
factor was the primary variable aiding terrain avoidance. The shade of the cue did not seem to affect terrain avoidance.

In Study 1I, three types of terrain cue conditions were investigated as well as two airspeeds. Inverted tetrahedrons
* (cones), 35 feet high with a 10-foot base, were shaded either all black or shaded with a black bottom and a white top.

As a third condition, the white triangularly shaped top was placed directly on the ground surface at the same spacing
as the cone shaped cues. The purpose of the white top was to provide a linear perspective cue to altitude change. By
comparing the white tops placed directly on the ground (i.e., no vertical development) with the cone conditions, the
importance of the vertical development, per se, can be assessed. Two airspeeds, 300 and 540 knots, were used. The
task altitude in this study was 200 feet AGL. A 1500-foot average inter-cue spacing was used in all trials. Two groups
of pilots were used in this experiment. One group was comprised of experienced fighter pilots; and the other group was
made up of pilots with less overall flight experience and no previous fighter assignments. All pilots were exposed to all

* six treatment conditions (three terrain conditions combined with two airspeeds). The results of this study indicated that
altitude control was better at 300 knots than at 540 knots for both experienced and inexperienced pilots. For the
experienced pilots, there was no significant difference in altitude control between the three cue conditions, but for the7
inexperienced pilots, the two vertically developed cues were better than the condition with the white triangles on the
ground. There was no difference between the cues with the white tops and those which were solid black. For both groups,
the white top only condition (i.e., no vertical development) was associated with more terrain crashes than were the two
vertical cue conditions.

0 .The finding from Study I that cue density is a signficant factor affecting altitude control further confirms earlier
results (Martin, 1983) relating cue density to altitude control. Martin reported that object density was a significant factor
affecting altitude control at 540 knots but not at 300 knots. Engle (1980) also failed to find a significant effect of object

density when an experimental task was flown at 300 knots. Using a different task and an A-10 flight simulation, EngleI
varied object density between 500- and 1500-foot spacings at 250-foot increments. Study 11 of the present research

0 demonstrated that altitude control at 300 knots is significantly better than at 540 knots. Thus, it appears that object
density is a significant factor under conditions of difficult flight but not under easier control conditions (at least at object
density levels between 500 and 4500 feet). These findings have some obvious implications for data base modeling and
for theoretical notions on space and depth perception. The role of object density is clearly not a simple linear function

of information rate or absolute numbers.

Perhaps the most surprising finding of these experiments is that the white cues were significantly better than the
black cues in aiding altitude control, and that the magnitude of the effect is approximately the same as for cue density.
(It is suprising because the pilots unanimously preferred the black cues.) The difference in effectiveness is most easily

27



attributed to the relative contrast differences. The black cues were measured at .22 foot-lamnberts compared with 1.2
foot-lamberts for the white cues, both set against a gray background with a luminance reading of .60 foot-lamberts. The4
percent contrast (as defined by Blackwell, 1946) are 100% and 631% for the white and black cues, respectively. For
static viewing conditions, it is well established that visual performance (in terms of traditional acuity measures) depends
greatly on luminance values anid target-to-background contrast. (See Cobb and Moss, 1928; and Blackwell, 1946 for
relevant psychophysical data.) G;iven the 6-arc-minute resolution of the ASP]' visual system and the relatively low
luminance levels (e.g.. compared to 1000 foot-lamberts for a clear day), it is not surprising that the white cues and the
greater associated contrast would provide a significantly more visible, and presumably more useful, cue. Contrast
sensitivity, for example, has been previously shown to relate to simulator visual detection performance under passive
dynamic viewing conditions (Ginsburg, Evans. Sckuler, & Harp 1982). Supra-threshold sensitivity to other visual
dimensions, specifically changing size, lateral motion, and flow pattern expansion has been empirically shown to
correlate with dynamic pilot control performance (Kruk, Regan, Beverley, & Longridge, 1981; Kruk, Regan, Beverley,

&Longridge, in press; Kruk & Regan, in press). It is possible that the white cones were a more effective stimulus for -
visual mechanisms selectively tuned to the latter dimensions, but the conditions of this experiment did not permit an
experimental test of this hypothesis.

The experimental flight task consisted of three straight-ahead segments connected by two right-angle turns. The
data from the level segments were separated from the data collected during the turns because it is clear to even the casual
observer that they are two different tasks. The results of the data analyses suggest that the visual cue* are used differently
during these two phases of flight. It can be seen from the analyses of the average altitude (Table 5) that while cue density
and cue shade were significant factors during level flight, cue density accounted for more than three times the variance
than did cue shade, 15% and 4%, respectively. However, during maneuvering flight, cue density is not a significant
factor whereas cue shade continues to be an effective cue. When considering the efficiency of flight control as well as
the raw altitude (i.e., the RMS data), the relative differentiation of cue function is more striking because cue density
but not cue shade is significant during level flight and cue shade but not cue density is significant during maneuvering

* flight. The terrain crash data also support the position that cue density and cue shade function differently. From Study
1, it can be seen that the frequency of terrain crashes was higher when there were less cues, suggesting that density
is important for terrain avoidance whereas there was not much difference between the white cues and the black ones.

Consideration of the visual strategies that the pilots reported using supports a cue differentiation position. For level
= flight, pilots reported their main cues for altitude were either those directly in front or those close by either side. Since

the cues were 75 feet high, the pilots could gauge the desired 100 feet AGL by being just "slightly" above the cue tops.
* Many pilots reported intentionally flying a course which placed the cues close to the aircraft for this purpose to "calibrate

their eyeballs." As the cues approached and passed by, the pilots would focus on them. However, when there were none
in the immediate vicinity, they reported concentrating on placing the aiming tower (located at the end of each leg), in
a specific intersection point with the horizon to maintain the desired altitude. Thus, for much of level flight, pilots placed
altitude-gauging cues in their foveal visual field. It is logical, then, that the more cues available for gauging their altitude,
the more accurate and efficient their flight path would be.

The strategies reported for use during the turns varied somewhat, but all had some common elements. Most pilots
reported focusing on the horizon and not coming back to the ground visual scene until they needed to find the aiming
tower to use as the roll-out cue. The appropriate bank angle was established first, and some aircraft reference (usually
the frame of the HUD) was then used to establish an altitude change reference. Other than the use of the aiming tower
for a reference for judging the extent of the turn, the pilots reported being unaware of the ground cues during the turns.
(This is not surprising since pilots are instructed not to look directly at the ground when maneuvering due to the tendency
to fly where they are looking.) Given this visual scan pattern during turns, the vertical object cues would most often
be in the lower front and lateral visual fields. Thus, the influence of the white cues (presumably due to a contrast effect)
was probably affected by stimulation of the peripheral Visual field. Although it is unwise to place too much credence
on pilot reports regarding cue function, it at least provides suggestive leads for future research. It would obviously be
desirable to have an actual focal point, eye-recording system available for research relating cue function to locus of visual
field presentation.

The large amount of variance accounted for by the subject factor and various subject interactions are indicative
of the sensitivity of this task to individual differences. If these differences could be related to some other meaningful
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factor such as visual contrast sensitivity or control strategy, further understanding of the operating perceptual mechanisms

could be achie%ed. Regan 19821. for example, reports that there are at least 4:1 variations in contrast sensitivity at

intermediate spatial frequencies for control subjects with similar Snellen acuities, and that there are 80:1 intersubject

differences in ttit re lative effectiveness of changing size and stereo-motion inputs as stimuli for motion in depth.

The results of it second study art, most informative with respect it) the need for vertical development. Buckland

19811 had reported that checkered ground patterns were more influential than were vertical objects. However. his

experimental paradigm (lid not present a good test of that question. As noted earlier, checkered patterns of the type used

in the Buckland study are extemerly edge costly; tetrahedrons spaced at 1500-foot intervals are considerably more edge

efficient. Placing a triangle on the ground requires only three edges per cue compared to six for a solid three-sided object,

so the if flat cues were as effective as vertical cues, additional edge savings could have been achieved. With respect

to the linear perspective cue, the flat cue would provide almost the same information as the tops of the inverted

tetrahedrons. The results of this study indicate that the vertical development clearly aids terrain avoidance and helps

the inexperienced pilot control altitude. iThe experienced pilots also did better with vertically developed cues, but the

effect was not statistically significant.) Thus, the investment in the extra edges (to obtain verticality) is well worth the

cost.

The original notion behind the design of an inverted tetrahedron (as opposed to an upright cue such as used in Study

I) was to provide an additional perspective cue (i.e., the triangular top) that could aid low altitude flight. The intent

of shading the top white (which does not consume any additional edges compared to a uni-shaded object) was to make
the top more visible (by increasing contrast). Some of the pilots indicated that the linear perspective cue was useful to

aid judgment in rate of descent and hence, to aid terrain avoidance. However, the results of this study indicate that,

as a general rule, the white shade does not significantly enhance altitude control or terrain avoidance. The fact that the

white cues in Study I were superior to the black cues would lead one to predict that the white-topped cues should also

be associated with better altitude control. Difference in cue size may account for this seeming inconsistency; only 35

feet high, with the white area only a 10-foot equilateral triangle. The difference in size is compounded by the difference
in task altitude, 1() feet in Study I (i.e., 25 feet above the cue top) and 200 feet in Study 11 (i.e., 165 feet above the
cue top).

VIi. CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this research and the previous work in this area, the following conclusions and
recommendations are offered:

1. For high speeds (e.g., 540 knots) and low altitudes (e.g., less than 300 feet AGL), it is recommended that
vertically developed objects be placed over the terrain at inter-cue distances of approximately 1500 feet. This spacing
requirement requires 96 edges per square mile (assuming a tetrahedron-shaped object is used).

2. The spacing requirement for slower airspeeds (e.g., 300) knots has not been determined but might be less than
for the higher speeds.

3. Cue constrast should be maximized, particularly when using relatively low luminance displays. , -

4. Vertical development (at the 1500-foot spacing) is not a sufficient cue for terrain avoidance during difficult

aircraft maneuvering.
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